ATPESC 2017
St, Charles, IL
Aug. 5, 2017

UNCERTAINTY OF

THERMODYNAMIC DATA:
HUMANS AND MACHINES

MARIUS STAN
Senior Scientist and Group Leader

Complex Physical Systems
Systems Security Center
ANL

Argonne &

NATIONAL LABORATORY



THE PROBLEM
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Temperature-composition phase diagrams
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Humans can draw simple diagrams
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Binary diagram

Ternary diagram
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HUMANS ONLY
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The Gibbs rule

At thermodynamic equilibrium, the chemical potential of
each component A, B, C é m
phases U, b, 0 é

m (T,P,x*) = (T,P,x°)
m (T,P,x*)=m(T,P,x")

Josiah Willard Gibbs
(1839-1903)

J. W. Gibb)n the Equilibrium of Heterogeneous Substayioesransactions of the Connecticut Academy of Artsapd, /- & 6
Sciences (187%878). gONNE. =




Calculating equilibrium binary phase diagrams

Free energy of components A, B, C é
in phases U, b, 2 é

Gaad (T,P,X)

| T

Chemical potentials

AT, P,X) =G (T,P,X) - Xg (&P’X)S
e

Urp 3
‘ G”(x)
PA(T,P,X) =G" (T, P,x) + (1- g P08

Ur p Gb(X)
| o

Thermodynamic equilibrium

I
]

(Gi bbsdo rul e)
m(T,P,x*) = nf (T,P,x") g’
mE(T,P.X") = nf (T, P.x") a a+tb b
l A B

Phase diagram

M. I.BaskesK.Muralidharan M. Stan, S. M. Valone, and FClerne JOM 55 (2003) 4150. Argﬁ?..'.lﬂ?mﬁ 7




The Hf-O Phase Diagram

1200 F <+ monociinic -
w 1 L L 1 1 1 1
0 10 20 30 40 50 60 70 80
Atomic Percent Oxygen

Argonne & 8




HUMANS AND MACHINES
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Melting via Molecular Dynamics

Liquid Solid (A11) Liquid

H"=f(T,P,X)
H®=f(T,P,X)

Enthalpy

M.l. Baskes et al., Phys. Rev. B, 66 (2002) 104 Argonne & 1°



Predicting the equilibrium phase diagrams from atomistic simulations
Free energy of components A, B, CcC ¢é
inphasesU, b,2é by thermal®integration "™ F
-4 T T
G(T,P,x) _G™(T™ P,x) o H(T,P,X)
- ref - Q 12 dT
T T o] T

l Tref ~4.05 - -

Chemical potentials by

41 —
composition derivation
m(T,P,x) =G*(T,P,x)- XZUG (T’P'X)g _ 415
% 7 g
e W G g
=
euG? g *
T, P,X) = G (T, P,x) +(1- g PXE 5
T
l = =425

Thermodynamic equilibrium
(Gi bbsd rul e) =43

m,(T,P,x%) = nf (T,P,x") s 1
m (T,P,x*) = (T,P,x")

| | | |
l a 0.05 0.1 0.15 0.2

(ra atotnic fraction

Phase diagram

IM. I. BaskesK.Muralidharan M. Stan, S. M. Valone, and FClerne JOM, 55 (2003) 430.
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LEARNING MACHINES
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The Bayesian Method?

Take a guess I:> Acquire info I:>Improve model

Posterior

Reverend Thomas Bayes
(1702-1761)

That is how Humans and Machines learn

13
Philosophical Transactions of London, 53 (1763) 370 (free on Google Books). Argonne &




Bayesian Polynomial Regression

Bayes Rule:
ACTIRAED & ACIARTACT)
—— N

posterior likelihood prior

predictive distribution:

N(Qon1) nCl D Al
L

J \ J

Ao

likelihood posterior

model prediction with 95% credible interval

—1.04/2%" %, -=== lower bound
be —— prediction
de 1 -- upper bound
15 % g — true curve
% training data
_2.0 T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
X
model prediction with 95% credible interval
1.0 4 x x
* x xx x:’e‘ x
X
0.5 1 * ® _.xﬂ.et,-c-"x """" % L TP x :’: x
x -

-15

= x =--= lower bound
—— prediction
-~ upper bound
— ftrue curve
x training data

-2.0

-1.00

T T T
-0.75 -0.50 -0.25

"I ) samples using MCMC (Metropelistings algorithm)

N. Paulson et al.
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Uncertainty Quantification of Phase Diagrams

3200 ‘
w Uncertainty in fuel thermemechanical ° Liqujdus 1]
properties is often >10% 2100 = Solidus [1]
© Liquidus [2]
o Solidus [2]

w Uncertainty of chemical properties (fre

energy) can be 125 % 3000

2900

Temperature (K)“D

Example:

w Uncertainty quantification the UEPuQ 2800
phase diagram*pT =t50K 1 ¢ = 5%

w Bayesian analysis of 15 data sets (melting7oo
temperatures , transformation
SYUKI{fLASaAazZ Xuo

w Optimization via a genetic algorithm.

uo, 20 40 60 80 PuG
Mol % PuO,

* M. Stan and B. J. Reardon, CALPHAD, 27 (2003) 319-323.
[1] M. G. Adamson, E. A. Aitken, and R. W. Caputi, J. Nucl. Mater., 130 (1985) 349-365.
[2] T. D. Chikalla, J. Am. Ceram. Soc., 47 (1964) 309-309. Argonne & 15




Bayesian Analysis
x“ = f(T,DHL,DHS T, 1)
X3 = f(T,DHS,DHS, T 1)

Diagram line model

Model parameter vector M = (DH/'Z' DHg T, Ty )T

Data vector D = (Dl’ D,,...,.D,, )T
PIDIM. )PIM.

. ésaqQ ¢K§2I‘§Fﬁ\/|(j|D): N( | J) ( J)

éP(DlMi)PMi)

i=1

The mean model <|\/|>=é_ Mias(l\/lj|Dj)

i j
Posterior covariance matrix C = a MM's (M " D)- (MYM)'

Standard deviation STD a \/

Correlation matrix \/
CII \/Cmm

16
M. Stan and B. Reardon, CALPHAD 27 (2003) 319 Argonne &




Evolutionary (Genetic) Algorithms
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Uncertainty of Hf-O Lattice Parameters
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Thermodynamics of Hf-O?

m 1 1 1

H ical compounds: e 3-Hf %
HCPSQS: FullyRelaxed O A
HCP SQS: gymmeny Preserved W
BCC SQS: Symmetry Preserved @

o

¢n
S

Enthalpy of Mixing, k]/mol-atom
:

@
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1D. Shin, RArroyave Z.K. Liu, CALPHAD, 30 (2006)38& Argonne & 19




Uncertainty of the Hf-O Phase Diagram
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